Little is known about the transcriptional regulation of tumor angiogenesis, and tumor ECs (tECs) remain poorly characterized. Here, we studied the expression pattern of the transcription factor Sox17 in the vasculature of murine and human tumors and investigated the function of Sox17 during tumor angiogenesis using Sox17 genetic mouse models. Sox17 was specifically expressed in tECs in a heterogeneous pattern; in particular, strong Sox17 expression distinguished tECs with high VEGFR2 expression. Whereas overexpression of Sox17 in tECs promoted tumor angiogenesis and vascular abnormalities, Sox17 deletion in tECs reduced tumor angiogenesis and normalized tumor vessels, inhibiting tumor growth. Tumor vessel normalization by Sox17 deletion was long lasting, improved anticancer drug delivery into tumors, and inhibited tumor metastasis. Sox17 promoted endothelial sprouting behavior and upregulated VEGFR2 expression in a cell-intrinsic manner. Moreover, Sox17 increased the percentage of tumor-associated CD11b + Gr-1 + myeloid cells within tumors. The vascular effects of Sox17 persisted throughout tumor growth. Interestingly, Sox17 expression specific to tECs was also observed in highly vascularized human glioblastoma samples. Our findings establish Sox17 as a key regulator of tumor angiogenesis and tumor progression.
Introduction
In the last few decades, regulation of tumor angiogenesis has been central to the fields of vascular biology and oncology, as tumor growth critically depends on new blood vessel formation. Tumor angiogenesis, characterized by excessive angiogenesis and abnormal morphogenesis, is mediated by multiple angiogenic regulators (1, 2) . Many of the angiogenic regulators implicated in tumor angiogenesis are surface receptors on ECs and their cognate ligands being expressed by the tumor cells and tumor stromal cells. The key ligands and receptors, including VEGF/VEGFRs and the angiopoietin and Tie2 pathways, have been the main targets of therapies seeking to control tumor angiogenesis (3) (4) (5) . Despite therapeutic success for some cancers, blockade of these pathways occasionally results in incomplete inhibition or evasive activation of tumor angiogenesis (6) (7) (8) (9) , emphasizing the need for a more complete understanding of angiogenic regulation.
Compared with information from the many studies on growth factors, their receptors, and the subsequent signaling pathways that govern tumor angiogenesis, little is known about transcriptional regulation of tumor angiogenesis. For example, the transcriptional regulation of VEGFR2, which encodes the most important receptor for angiogenesis, remains elusive in tumor angiogenesis, although many studies have investigated VEGFR2 expression in vascular development (10) (11) (12) . Tumor angiogenesis is a continuous process (2, 4) ; thus, transcription factors that elicit a delayed response are expected to function as long-term regulators of tumor angiogenesis. However, the roles of transcription factors such as Etv2, COUF-TFII, and Prox-1 (13) (14) (15) , which are crucial for vascular development, have not been well studied in the context of tumor angiogenesis. More studies on the transcription factors are needed to clarify transcriptional regulation of key players in tumor angiogenesis.
Although tumor vessel morphogenesis is influenced by various cells within the tumor (4), tumor ECs (tECs) may represent one of the most important cell types. Nonetheless, it is not completely clear how the characteristics of tECs differ from those of normal ECs, and the properties of tECs are extrapolated from studies on ECs in vascular development. Although different ECs coexist in vascular development, as shown in tip, stalk, and phalanx cells that are distinct from each other in morphology and signaling characteristics (16) (17) (18) (19) , the heterogeneity of tECs has never been studied at the individual cell level. Analysis of tEC heterogeneity is important to better understand the mechanisms of tumor angiogenesis.
Sox17 is a transcription factor belonging to the Sox family, which contains HMG box (20) . Although Sox17 has been considered an important regulator in biological processes, including endoderm formation during gastrulation (21) , segregation of ventral foregut lineages (22) , and maintenance of fetal identity in HSCs (23) , its significance in vascular biology is only beginning to be recognized. In the context of the vascular system, Sox17 expression is observed specifically in ECs during vascular development (24) . Although global deletion of Sox17 results in abnormal vascular development, the contribution of Sox17 to endothelial function remains unclear (25) . In the human genome, the Sox17 locus is one of the most susceptible loci associated with intracranial aneurysms, suggesting its importance for blood vessel maintenance (26) . However, the expression and function of Sox17 in tumor angiogenesis have not been investigated.
In this study, we found profoundly increased Sox17 expression in tECs during tumor progression. Using Sox17 genetic mouse models, we provide compelling evidence that endothelial Sox17 has both an intrinsic effect on tECs and an extrinsic effect on the peri-endo thelial compartment of tumor vessels. By analyzing the expression of Sox17 in tECs at the individual cell level, we showed that tECs were heterogeneous. Taken together, our findings demonstrated that transcriptional regulation by Sox17 plays a critical role in tumor angiogenesis and in the morphogenesis of tumor vessels.
Results

Sox17 is specifically expressed at high levels in tECs during tumor progression.
Because Sox17 is expressed in blood vessels during development (24), we wondered whether it is also expressed in tumor vessels. 2 weeks after Lewis lung carcinoma (LLC) implantation, GFP tracing in Sox17 GFP/+ mice revealed that most of the tumor vessels expressed Sox17 at high levels in primary tumors ( Figure 1A ) and in pulmonary metastatic nodules (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/ JCI64547DS1). In implanted B16F10 melanomas, the tumor vessels also expressed Sox17, but at lower levels ( Figure 1A ). Sox17 expression was not detected in other stromal cells, including tumor-associated macrophages and pericytes, in both types of tumors ( Figure  1 , B and C). Quantitative RT-PCR analysis of purified cells from tumors 2 weeks after implantation consistently detected Sox17 transcripts only in CD31 + CD45 -Ter119 -tECs from both tumors. The transcript levels were approximately 4-fold higher in the LLC tumors than in the B16F10 tumors, which suggests that Sox17 expression may be regulated differentially depending on tumor type. Notably, there were negligible levels of Sox17 transcripts in CD31 -CD45 + Ter119 + tumor hematopoietic cells and in the other cell types within both tumor types ( Figure 1D ). These results indicate that Sox17 expression within the tumors was specific to tECs.
We further examined Sox17 expression in tECs over time during tumor progression. Sox17 expression in tECs gradually declined, but was detectable up to 3 weeks after implantation of both types of tumors. Sox17 expression was approximately 2.5-fold higher in LLC tECs than in B16F10 tECs 2 and 3 weeks after implantation ( Figure 1E ). Flow cytometric analysis of Sox17 expression also showed that tECs in LLC tumors expressed Sox17 at higher levels than tECs in B16F10 tumors 2 and 3 weeks after implantation ( Figure 1F ). Although abnormal tumor vessel features -such as enlargement, tortoise shell shape, and disorganized structurewere common in both types of tumors during their progression, tumor vessel density and branching were considerably more pronounced in LLC tumors than in B16F10 tumors 2 and 3 weeks after implantation ( Figure 1G ). In contrast to its strong expression in tECs, Sox17 expression was barely detectable in most quiescent vessels in the postnatal pups and in the host, other than moderate expression in arterial vessels (Supplemental Figure 2 , A and C). However, Sox17 expression was robust in angiogenic vessels, such as postnatal retinal vessels (Supplemental Figure 2B) , which suggests that Sox17 expression is upregulated not only in tumor angiogenesis, but in other active angiogenesis contexts. To look for an upstream regulator of Sox17 expression, we examined Sox17 expression in primary ECs after treatment of established angiogenic stimuli. VEGF, FGF2, and hypoxia did not stimulate Sox17 expression, although they substantially activated the expression of known downstream genes (Supplemental Figure 3) . The mechanisms underlying Sox17 expression in tumor angiogenesis remain unknown and merit further investigation. These data indicated that Sox17 expression in tECs is coincident with increased angiogenesis during tumor progression, which suggests that Sox17 may play a role in tumor angiogenesis. Figure 4) . When Sox17 was excised at the onset of tumor growth, Sox17 iΔEC mice showed an approximate 60% reduction in tumor growth at 3 weeks after LLC implantation, compared with control Sox17 fl/fl mice lacking the Cre allele (Figure 2A) . Inhibition of the tumor growth rate was especially noticeable during the early period of growth, up to 12 days after tumor implantation ( Figure  2B ). Growth of B16F10 tumors also declined by approximately 60% in Sox17 iΔEC mice (Supplemental Figure 5, A and B) . Histological analysis revealed that necrosis, hemorrhage, caspasemediated cell death, and hypoxia were reduced in tumors of Sox17 iΔEC versus control mice ( Figure 2C ), which indicates that Sox17 deletion may improve vascular function in tumors. Moreover, no lung metastasis was detected in Sox17 iΔEC mice, whereas most control mice had several pulmonary metastatic nodules 3 weeks after LLC tumor implantation (Figure 2 , D and E). These results indicated that Sox17 stimulated tumor growth and metastasis by regulating tumor angiogenesis.
We next analyzed LLC tumor vessels 3 weeks after implantation. The vascular density in Sox17 iΔEC mouse tumors was 60% lower than that in controls (Figure 3 were retained well in Sox17-deficient versus control tumor vessels. Interestingly, the effect of Sox17 deletion on pericyte coverage in tumor vessels was specific to α-SMA + pericytes, as nerve/glial antigen 2-positive (NG2-positive) pericytes showed no differences in terms of staining of control and Sox17-deficient tumor vessels (Supplemental Figure 6 ). More studies are needed to elucidate the mechanisms underlying increased pericyte coverage in tumor vessels subsequent to Sox17 deletion. We further examined the effect of Sox17 deletion on B16F10 tumor vessels. The inhibitory effect of Sox17 deletion on tumor angiogenesis was similar in B16F10 tumor models (Supplemental Figure 5 , C and G-H). Junctional VE-cadherin distribution, coverage by α-SMA + pericytes, and Col4 retention in B16F10 tumors did not show discernible increases in Sox17-deficient versus control tumor vessels (Supplemental Figure 5 , D-F), which indicates that the effectiveness of Sox17 deletion varies in vascular structures depending on tumor type. These findings indicated that Sox17 deletion in tECs reduced tumor angiogenesis and improved vascular integrity.
Overexpression of Sox17 in tECs promotes tumor progression, tumor angiogenesis, and vascular abnormalities. To investigate whether elevated Sox17 levels directly affect tumor vessels, we overexpressed Sox17 in tECs using a doxycycline-inducible gain-of-function (GOF) mouse model (VE-cadherin-tTA;Tet-O-Sox17; referred to herein as Sox17 iGOF ). Sox17 overexpression was observed in ECs upon doxycycline withdrawal (Supplemental Figure 7) . Although Sox17 overexpression promoted modest tumor growth and tumor angiogenesis in LLC tumors compared with control VE-cadherintTA mice, there were no appreciable differences in vascular branching and structure (data not shown), which is not surprising, given that LLC tumors already express high levels of endogenous Sox17 and elicit a vigorous angiogenic response. We next examined the effect of Sox17 overexpression in implanted B16F10 tumors, which in control mice showed weak Sox17 expression in the tumor vessels. Tumor growth and metastasis increased in Sox17 iGOF relative to control mice 12 days after B16F10 implantation ( Figure  4 , A and B). B16F10 tumors in Sox17 iGOF mice had approximately 2.5-fold higher vascular density and approximately 11.6-fold more vascular branching than did control mice (Figure 4 , C, G, and H). There were also more filopodial extensions in the tumor vessels of Sox17 iGOF mice ( Figure 4D ). ECM Col4 and α-SMA + pericytes were barely detectable in Sox17-overexpressing compared with control B16F10 tumor vessels ( Figure 4 , E, F, I, and J). Together with the LOF studies described above, these GOF findings demonstrated that Sox17 in tECs had proangiogenic and destabilizing effects on tumor vessels that promote tumor progression.
Sox17 increases the angiogenic behaviors of ECs.
Knowing that Sox17 promoted hyperbranching of tumor vessels, we further characterized the effect of Sox17 on EC behavior in vitro using cells and tissues from Sox17 genetic mouse models. An aortic ring-based sprouting assay revealed that sprouting was increased approximately 2-fold in Sox17 iGOF compared with control aortic rings (Figure 5A and Supplemental Figure 8A ). Conversely, sprouting was reduced approximately 2-fold in Sox17 iΔEC aortic rings compared with controls ( Figure 5E and Supplemental Figure 8D ). We next assessed endothelial migration and proliferation in primary ECs derived from Sox17 genetic mouse models. In the wound scratch cell migration assay, migration increased approximately 4-fold in Sox17 iGOF ECs and decreased approximately 1.6-fold in Sox17 iΔEC ECs compared with the appropriate controls ( Figure 5 , B and F, and Supplemental Figure 8 , B and E). ECs from Sox17 iGOF mice were more proliferative than control ECs ( Figure 5 , C and D, and Supplemental Figure 8C ), whereas there was no difference in the proliferative activity of ECs from control and Sox17 iΔEC mice (Figure 5 , G and H, and Supplemental Figure 8F ). This indicates that regulation of mitotic behavior by Sox17 does not depend solely on Sox17 levels. Time-lapse tracking showed that Sox17-knockdown HUVECs had reduced motility -as demonstrated by an approximate 2-fold decrease in velocity -and a more localized roaming pattern compared with controls ( Figure 5 , I and J). In addition, control HUVECs elongated rapidly upon VEGF stimulation, whereas Sox17-knockdown HUVECs remained flattened, as shown by the approximately 4-fold greater spreading area of Sox17-knockdown HUVECs compared with control cells ( Figure 5 , K and L). This indicated that Sox17 deficiency in ECs results in an impaired shape change in response to a stimulus that promotes migration, such as VEGF. Thus, Sox17 promoted sprouting angiogenesis by stimulating EC mitosis and migration in a cell-autonomous manner.
Sox17 upregulates VEGFR2 expression in tECs. To investigate the molecular mechanism by which Sox17 controls EC behavior, we compared gene expression in control and Sox17-knockdown HUVECs using microarrays. Of about 28,000 genes, Sox17 knockdown upregulated 53 genes and downregulated 32 genes at least 2.5-fold (Supplemental Tables 1 and 2 ). The genes most downregulated by Sox17 knockdown were the chemokines CXCR7 and CCL2, which are involved in immune cell chemoattraction (27) . Among the genes involved in angiogenic regulation, only ephrin-B2 (downregulated 3.5-fold) and VEGFR2 (downregulated 3.2-fold) showed significant changes in response to Sox17 knockdown. Sox17 knockdown also altered the expression of some genes encoding signaling molecules, ECM components or related proteins involved in ECM posttranslational modification, and secretory molecules or related proteins for their exocytosis. These results indicated that Sox17 regulates the expression of a small set of genes in ECs for its angiogenic function.
Because VEGFR2 has a fundamental role in tumor angiogenesis, we examined VEGFR2 expression in Sox17-knockdown ECs and Sox17 genetic mouse models using quantitative RT-PCR. VEGFR2 transcripts were decreased more than 2-fold in primary Sox17- knockdown ECs compared with controls ( Figure 6A ), confirming the microarray results and suggesting an intrinsic role of Sox17 in VEGFR2 expression. We consistently found reduced levels of both VEGFR2 mRNA ( Figure 6B ) and VEGFR2 protein ( Figure 6C ) in Sox17 iΔEC compared with control tECs. Thus, Sox17 promotes VEGFR2 expression in tECs. These results suggested that regulation of VEGFR2 expression could be one of the molecular mechanisms underlying Sox17-mediated tumor angiogenesis.
Different tEC populations show distinct Sox17 expression levels. Because the tECs were heterogeneous with regard to Sox17 expression level, we characterized 2 tEC populations, Sox17 high and Sox17 low , at the individual cell level using flow cytometry. These populations were fractionated from LLC tumors grown in Sox17 GFP/+ mice ( Figure  6D ). Whereas 19.7% ± 1.0% of Sox17 high tECs were in the S/G 2 /M phases of the cell cycle, only 7.2% ± 0.7% of Sox17 low tECs were in the S/G 2 /M phases ( Figure 6E ), indicative of a functional difference between these tEC populations. The mean fluorescent intensities of VEGFR2 on individual cells were 579 ± 42 (n = 3) in Sox17 high tECs and 350 ± 35 (n = 3) in Sox17 low tECs ( Figure 6F ). Accordingly, VEGFR2 expression paralleled Sox17 expression in tumor vessels ( Figure 6G ). These findings indicated that in a heterogeneous cell population, high Sox17 expression distinguishes tECs that divide more rapidly and have higher levels of surface VEGFR2.
The effect of Sox17 on tumor angiogenesis and vascular abnormality persists throughout the growth of the tumor. To investigate whether Sox17 has a proangiogenic effect throughout tumor growth, we deleted Sox17 at different time points. To examine the effect of Sox17 in early stages of tumor growth, Sox17 was deleted at the onset of tumor growth (referred to herein as early Sox17 deletion), and tumors were analyzed 2 weeks after LLC implantation. To examine the effect of late deletion, Sox17 was deleted 10 days after tumor implantation (late Sox17 deletion), and tumors were examined 3 weeks after LLC inoculation. Early Sox17 deletion significantly delayed tumor growth, whereas late Sox17 deletion did not appear VE-cadherin distribution was markedly reduced and vascular leakage was abundant in control mice ( Figure 7 , I and J). In contrast to severe loss in control mice, Col4 was abundantly distributed around tumor vessels in both early and late Sox17 deletion tumors ( Figure 7 , E and K, and Supplemental Figure 10 , C and G). In addition, α-SMA + pericytes were prevalent in the vessels of early Sox17 deletion tumors, in contrast to control tumor vessels ( Figure 7F and Supplemental Figure 10D ). In contrast, tumors from late Sox17 deletion mice lacked α-SMA + pericytes, similar to controls ( Figure 7L and Supplemental Figure 10H) . Notably, tumor vessels were well-covered by pericytes initially and become denuded later in control mice (Supplemental Figure 11) . Thus, improved pericyte coverage by early Sox17 deletion and poor pericyte coverage by late Sox17 deletion in tumor vessels might be interpreted as evidence that Sox17 deletion helps maintain, rather than recruit, pericytes. These results indicated that in tECs, Sox17 promotes persistent tumor angiogenesis and progressively disrupts vascular integrity from the periendothelial compartment into the endothelial layer.
to have an effect (Figure 7 , A and G). Along with our finding that the tumor growth rate was inhibited by Sox17 excision only during the early period ( Figure 2B ), these data indicated that in tECs, Sox17 promotes tumor growth mainly during the early period of tumor angiogenesis. Although lung metastasis was not detectable 2 weeks after tumor implantation either in control or early Sox17 deletion animals (data not shown), the number of pulmonary metastatic nodules was significantly reduced by late Sox17 deletion (Supplemental Figure 9, A and B) . These data indicated that Sox17 continuously promotes tumor progression during the late period of tumor angiogenesis by increasing tumor metastasis.
Both early and late Sox17 deletion reduced tumor vascular density and branching compared with control mice (Figure 7 , B and H, and Supplemental Figure 10 , A, B, E, and F). There were no differences in VE-cadherin distribution at endothelial junctions and in vascular leakage between control and early Sox17 deletion tumors ( Figure 7, C and D) . However, in tumors with late Sox17 deletion, VE-cadherin distribution at endothelial junctions appeared normal and vascular leakage was not detected, whereas junctional the possibility that cisplatin had a direct effect on tumor vessels. Together with the reduced vascular leakage observed as a result of late Sox17 deletion ( Figure 7J ), these findings revealed that even though Sox17 deletion had little effect on tumor growth during the late period, late Sox17 deletion in tECs improved the efficacy of chemotherapy via effective drug delivery.
Sox17 expression is robust in human glioblastoma tECs.
To investigate the relevance of Sox17 in human tumor angiogenesis, we examined Sox17 expression in human tumor vessels by immunostaining brain tumor sections, including glioblastoma, which is known to be highly vascularized (30) . Nuclear Sox17 was detected predominantly and specifically in tECs in 4 of 5 high-grade human glioblastoma tissue samples, but Sox17 expression was not detectable in the 3 control brain tissues or 3 low-grade human glioma specimens examined (Figure 10 ). Considering the high vascularity of glioblastoma, these findings suggested that Sox17 expression in tECs is related to the angiogenic properties of tumor vessels. Interestingly, Sox17 expression in tECs was heterogeneous in human glioblastoma tissues, which indicates that the pattern of Sox17 expression in tumor angiogenesis was conserved in humans and mice. These findings are suggestive of the clinical relevance of Sox17 expression in tumor angiogenesis in some human tumors.
Discussion
Here we report that the transcription factor Sox17 expressed in tECs promoted tumor angiogenesis and vascular destabilization via upregulation of a key angiogenic receptor, VEGFR2, and enhanced recruitment of CD11b + Gr-1 + cells into tumors ( Figure  9C ). Sox17 deletion inhibited tumor growth by reducing tumor angiogenesis and enhanced drug delivery via normalization of tumor vessels. Our findings highlight the importance of Sox17 in tumor angiogenesis and tumor progression.
In this study, Sox17 expression in ECs correlated with angiogenesis. Robust Sox17 expression in tECs contrasted with its weak expression in most quiescent vessels in adult hosts. Moreover, Sox17 expression was higher in tECs from tumors with hyperbranched and hyperdense vessels. The upstream regulation of Sox17 expression in tumor angiogenesis needs to be clarified in the future. Together with a previous report on Sox17 expression
Sox17 promotes the recruitment of inflammatory cells into tumors.
Given that the chemokine genes CXCR7 and CCL2 were some of the most downregulated genes after Sox17 knockdown, based on our microarray data, we next sought to determine whether Sox17 deletion affects the recruitment of inflammatory cells into tumors. As CD11b + Gr-1 + inflammatory cells recruited to LLC tumors promote tumor angiogenesis (28, 29) , we examined the percentage of CD11b + Gr-1 + myeloid cells after early or late Sox17 deletion. Early Sox17 deletion decreased the percentage of CD11b + Gr-1 + cells by approximately 43% in LLC tumors, although the percentage was not altered significantly in peripheral blood and bone marrow (Figure 8, A-D) . However, late Sox17 deletion had little effect on the percentage of CD11b + Gr-1 + cells in peripheral blood, bone marrow, or tumor ( Figure 8, A-D) . These data indicated that Sox17 promotes the recruitment of CD11b + Gr-1 + cells into tumors, rather than promoting cell mobilization and proliferation within bone marrow, during early tumor growth. This suggests, in turn, that recruitment of inflammatory cells into tumors is one of the mechanisms for Sox17-mediated tumor growth and tumor angiogenesis.
Sox17 deletion improves the efficacy of chemotherapy in the late tumor growth period. We hypothesized that because Sox17 deletion improved vascular integrity of the tumor, the vessels in late Sox17 deletion tumors might be able to effectively deliver anticancer drugs. This prompted us to examine whether cisplatin could reduce tumor growth in late Sox17 deletion tumors during the late period of tumor growth. Cisplatin, administered 2 and 3 weeks after LLC implantation, significantly reduced the growth of late Sox17 deletion tumors by 70% compared with tumors in cisplatintreated controls, whereas PBS vehicle treatment did not make a discernible difference in tumor growth ( Figure 9A ). Histological analysis of tumor sections 4 weeks after implantation revealed that the combination of late Sox17 deletion and cisplatin treatment increased the necrotic region more than 2-fold in Sox17 iΔEC compared with control mice ( Figure 9B ). In contrast, tumors in Sox17 iΔEC mice had approximately 2-fold less necrosis than did control tumors in the absence of cisplatin treatment ( Figure 9B ), consistent with reduced necrosis by early Sox17 deletion ( Figure  2C) . Notably, the density and branching of tumor vessels were not visibly affected by cisplatin (data not shown), which excluded
Figure 10
Sox17 is highly expressed in tumor vessels in human glioblastoma. Sox17 expression was analyzed in tissues from nontumor control human brain, low-grade human glioma, and high-grade human glioblastoma. H&E staining shows cancer grade. Sox17 immunostaining shows nuclear Sox17 in tECs of high-grade glioblastoma (arrows and arrowheads denote strong and weak Sox17 expression, respectively). n = 3 (control and low-grade human glioma) or 5 (high-grade human glioblastoma). Scale bars: 100 μm.
consistently diminished tumor progression. There are several important points to consider regarding inhibition of tumor growth by Sox17 deletion. First, the inhibition was transient only during early tumor growth -there was no growth inhibition when Sox17 was deleted during late tumor growth in the mouse model we used. Second, Sox17 deletion created a tumor environment that was favorable for tumor cell survival, as indicated by markedly reduced tumor necrosis. In contrast, when VEGF or Ang-2 are blocked, inhibited tumors show increased intratumoral necrosis mediated by hypoxia (4, 35, 36) . The tumoral features that develop in response to Sox17 deletion might be attributed to reduced angiogenesis and improved vascular function. An oxygen-rich environment created by the loss of Sox17 might delay tumor growth and metastasis by reducing the malignant and invasive characteristics of tumor cells (1); however, the same environment might fuel the proliferation of tumor cells by supplying oxygen and nutrients for anabolic processes. Despite its ambiguous effects on tumor cells, improved vascular function is advantageous when combined with chemotherapy, as it increases intratumoral delivery of anticancer agents (1) . In fact, the anticancer drug cisplatin inhibited tumor growth more effectively after late Sox17 excision, illustrating that the improved vascular function subsequent to Sox17 deletion could be exploited for therapeutic purposes. Reduced tumor metastasis subsequent to late Sox17 deletion might also be ascribed to decreased intravasation of tumor cells based on improved vascular integrity (5, 37). We cannot exclude the possibility that Sox17 expressed in tumor vessels within metastasized tumors might play a role in the growth of metastatic lesions. Taken together, our results suggest that Sox17 deletion in tumor vessels might help to inhibit tumor progression throughout tumor growth.
Although the importance of Sox17 in determining cell fate and maintaining cell identity has been reported in primitive cells, such as ventral foregut progenitors and HSCs (22, 23) , its effect on specific cell behavior remains unknown. We found that Sox17 autonomously promoted sprouting of ECs by stimulating cell migration and proliferation at the expense of adherence to the ECM. These findings indicate that increased motility and cell division of ECs are the main cellular mechanisms underlying Sox17-mediated tumor angiogenesis. Thus, Sox17 has a novel role in that it influences the cellular behaviors of differentiated effector cells.
Since Sox17 is a transcription factor, its proangiogenic activity is most likely due to modulation of EC gene expression. Microarray analysis at the whole-transcriptome level revealed that Sox17 depletion in primary cultured ECs changed the expression of a specific set of genes; global effects on transcription were not observed. Considering the effect of Sox17 on tumor vessels, the downstream genes selectively regulated by Sox17 might be key players in tumor angiogenesis. Indeed, Sox17 knockdown downregulated VEGFR2, which is well established as having an important function in tumor angiogenesis (38) . However, regulation of VEGFR2 expression in tECs has not previously been characterized. We confirmed that VEGFR2 expression was reduced in Sox17-deficient tumor vessels and also observed that high Sox17 expression distinguished tECs with high VEGFR2 expression from the heterogeneous tEC population. Blockade of the VEGF pathway has an antiangiogenic effect (4), so reduced VEGFR2 expression in tECs as a result of Sox17 deletion might lead to reduced tumor angiogenesis and to normalization of tumor vessels. Unlike previous reports about vascular regression caused by VEGF blockade (39), Sox17 deletion specific to ECs during vascular development (24) , the present study demonstrated that Sox17 faithfully follows the endothelialspecific expression in various angiogenic contexts, including tumor angiogenesis. Our characterization of individual tECs revealed 2 cell populations that were distinguished by their Sox17 expression, demonstrating the heterogeneity of tECs. Endothelial heterogeneity is observed in some circumstances during vascular development, for instance, during lineage specification into arterial, venous, and lymphatic ECs (31) and during the determination of tip and stalk cells (16) . Phalanx ECs in prolyl hydroxylase domain-containing protein 2-insufficient (PHD2-insufficient) tumor vessels maintain vessel stability, although tumor endothelium is commonly destabilized (17) , which suggests that there are various types of tECs. However, the heterogeneity of tECs has not been studied extensively. The present study showed that strong Sox17 expression distinguished tEC populations with greater mitotic ability and higher surface VEGFR2 expression. Histological analysis also showed that high Sox17 expression correlated with VEGFR2 expression in tumor vessels. It is possible that Sox17 high tECs might be more sensitive to VEGF and thus divide more rapidly than Sox17 low tECs. In addition, there was a higher percentage of Sox17 high tECs in LLC tumors than in B16F10 tumors. These data suggest that the angiogenic properties of tumor vessels might be determined by the collective traits of the individual tECs. Interestingly, in the pool of postnatal HSCs, Sox17 expression distinguishes HSCs that have fetal properties (23) . Our present results thus reiterate the importance of Sox17 expression in subdividing cell populations. Taken together, our findings suggest a strong correlation between Sox17 expression and the angiogenic potential within heterogeneous tECs. More studies are needed to characterize these heterogeneous tECs.
Excessive angiogenesis and vascular abnormality are typical features of many tumors (4, 32) . While traditional antiangiogenic strategies have attempted to reduce tumor angiogenesis, both "vessel blocking" and "vessel normalization" are currently considered novel paradigms to complement existing antiangiogenic strategies (1) . Hence, it is interesting that loss of PHD2 or of regulator of G protein signaling 5 (RGS5) results in normalization of tumor vessels, although their inhibition does not reduce vessel density (17, 33) . Of particular note is that Sox17 deletion simultaneously inhibited tumor angiogenesis and induced vascular normalization. More importantly, Sox17 deletion induced prolonged normalization of abnormal tumor vessels, resulting in vessels with a phenotype resembling that of PHD2-insufficient tumor vessels and contrasting with the transient normalization elicited by current antiangiogenic therapy (1, 34) . Because the upstream regulators of Sox17 expression in tECs are unknown, the question remains as to whether antiangiogenic therapy promotes vessel normalization by regulation of Sox17 expression. As tumors progress to more severe grades, tumor vessels become increasingly abnormal (1) . The changes in tumor vessel shape over time are well characterized, but little is known about whether a particular protein continuously regulates this remodeling. Our findings from the time-specific gene ablation experiments indicated that Sox17 exerts its effects throughout tumor angiogenesis. Our findings regarding the persistent expression and function of Sox17 in tECs identified Sox17 as a persistent regulator that promotes tumor angiogenesis and destabilizes tumor vessels.
Inhibition of proangiogenic regulators reduces tumor growth. In this study, Sox17 deletion at the beginning of tumor growth tute of Science and Technology. VE-cadherin-tTA mice (48) were provided by K. Alitalo (University of Helsinki, Helsinki, Finland). All animals were bred in a pathogen-free animal facility. Cdh5(PAC)-CreER T2 mice were crossed with Sox17 fl/fl mice to generate the mice used for the LOF studies. For Sox17 deletion in ECs at the desired time points, mice were given intraperitoneal injections of 2 mg tamoxifen (Sigma-Aldrich) on the indicated days. VE-cadherintTA mice were bred with Tet-O-Sox17 mice to produce the mice used in the GOF studies. Mice were given 1 mg/ml tetracycline (Sigma-Aldrich) in their drinking water to prevent leaky expression of Sox17. To induce Sox17 overexpression in ECs, tetracycline was withdrawn on the indicated days.
Tumor models and treatment schedules. Mouse LLC and B16F10 melanoma cell lines that were syngeneic to the mouse models used in this study were obtained from the American Type Culture Collection. To generate tumor models, suspensions of LLC or B16F10 cells (1 × 10 6 cells in 100 μl) were implanted subcutaneously in the flanks of mice. Tumor volume was measured every other day starting on day 6 after implantation. For the LLC tumor model, a chemotherapeutic agent (10 mg/kg cisplatin; Sigma-Aldrich) was injected into the peritoneum once a week. Later, on the indicated days, mice were anesthetized by intramuscular injection of 80 mg/kg ketamine and 12 mg/kg xylazine. Tumor mass was measured, and the primary tumor and lungs were harvested for further analysis.
Clinical specimens. Clinical specimens of brain tumors, including lowgrade glioma and high-grade glioblastoma, were obtained from the Department of Neurosurgery of Asan Medical Center.
Histological analysis. For H&E staining, tumors and lungs were fixed overnight in 4% paraformaldehyde. After tissue processing using standard procedures, samples were embedded in paraffin and cut into 3-μm sections, followed by H&E staining. For immunofluorescence studies, tumors were fixed in 1% paraformaldehyde in PBS, dehydrated in 30% sucrose solution overnight, and embedded in tissue-freezing medium. Frozen blocks were cut into 60-μm sections. To visualize tumor vessels, sections were stained with the appropriate antibodies, and fluorescent images were obtained by confocal microscopy. To assess vascular leakage from tumor vessels, extravasated dextran and Evans blue were measured. See Supplemental Methods for details.
Flow cytometry analysis and sorting of tECs. To examine Sox17 and VEGFR2 expression at the single-cell level, single-cell suspensions (obtained by digestion of LLC or B16F10 tumors) were stained with the appropriate antibodies and analyzed using flow cytometry. To analyze the transcripts in tECs, CD31 + cells in tumors were enriched using microbeads, and CD31 + CD45 -Ter119 -tECs were purified further by FACS. See Supplemental Methods for details.
Primary culture of mouse ECs. Initially, single cells were isolated from 3-to 6-day-old neonatal mouse lungs. After incubation for 2 days, ECs were enriched to at least 95% purity by MACS sorting using rat monoclonal anti-mouse CD102 antibody (Biolegend). Purified ECs were cultured further in EGM-2 medium, and the mitotic and migratory ability of primary ECs were measured. Sox17 expression in primary ECs was confirmed by immunostaining (Supplemental Figure 2E) with an anti-Sox17 antibody (R&D Systems). See Supplemental Methods for details.
Transcript analysis by quantitative PCR and microarray. Total RNA was isolated from tECs and tumor hematopoietic cells purified from tumors and from HUVECs that were treated with siRNAs against Sox17 (for Sox17 knockdown) or scrambled siRNAs (as a control). The total RNA was then used for quantitative real-time PCR or microarray analysis (Agilent human GE 4 × 44K [V2]). To establish the integrity of the RNA for the microarray analysis, we used Sox17-silenced HUVECs rather than purified tECs to obtain enough RNA, since there were very limited amounts of tECs. Microarray data are available at GEO (accession no. GSE37395; http:// www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE37395). See Supplemental Methods for details of transcript analysis.
did not cause vascular regression (data not shown). It is possible that Sox17 deletion might incompletely block the VEGF pathway or affect the coordinated actions of multiple proteins, not just VEGFR2. Taken together, our findings indicate that Sox17 is a novel regulator of VEGFR2 expression in tumor angiogenesis.
Even though the VEGF pathway is the principal pathway in tumor angiogenesis, other mechanisms, such as the recruitment of inflammatory cells, have also been implicated in tumor angiogenesis (4, 5) . In this regard, Sox17 deletion reduced tumor-associated CD11b + Gr-1 + myeloid cells, which induce tumor growth and tumor angiogenesis in a VEGF blockade-resistant manner (28, 29) . Interestingly, CCL2, one of the genes most downregulated by Sox17 knockdown, has been implicated in immune cell recruitment into tumors (40) . The detailed molecular mechanisms that underlie the increase in tumor-associated CD11b + Gr-1 + myeloid cells after Sox17 deletion need to be investigated further. Our results suggest that Sox17 might promote tumor angiogenesis, in part via a VEGF-independent mechanism, by recruiting inflammatory cells.
The microarray analysis identified many interesting genes as candidate genes that may act downstream of Sox17. CXCR7, the gene most downregulated by Sox17 knockdown, is expressed in tECs and is important for tumor angiogenesis and tumor progression in several ways (41) . ephrin-B2, which was also downregulated by Sox17 knockdown, is well known for having a proangiogenic role in tumor angiogenesis (42, 43) . We found that Sox17 regulated the expression of many genes with wide-ranging functions. For example, genes for the deposition and modification of ECM and genes encoding secretory molecules and exocytosis proteins, such as DYNLL2, EXOC7, RhoQ, and Rab3B, might be involved in the circumferential effect of Sox17 on basement membrane and pericytes. Sox17-controlled cell-cell interactions and cell adhesion to ECM might be regulated by genes that encode membrane proteins, such as claudins, CD44, CD59, and syndecan 4. Genes involved in signaling pathways might coordinate endothelial behavior that is regulated by Sox17. Despite their importance in endothelial functions, the roles of these genes in Sox17-mediated tumor angiogenesis remain to be clarified. Notably, the list of genes regulated by Sox17 in ECs does not include Sox17-downstream genes identified in other cells. In colon carcinoma cells and oligodendrocyte progenitors (44, 45) , Sox17 attenuates the expression of some Wnt target genes by antagonizing β-catenin. However, according to our microarray data, Sox17 did not seem to affect Wnt target genes in ECs. Gene expression induced by ectopic Sox17 in HSCs (46) did not overlap with the transcriptional changes induced by Sox17 in ECs. This inconsistency suggests that Sox17 may regulate the transcription of different genes, depending on cell type.
In conclusion, our findings demonstrated that the transcription factor Sox17 is a persistent regulator of tumor angiogenesis. We provided evidence that heterogeneous tECs can be subdivided by Sox17 expression. Our results identified Sox17 as a regulator of VEGFR2 expression in tECs and helped to elucidate the role of transcriptional regulation in tumor angiogenesis. There was strong and specific expression of Sox17 in tECs, and Sox17 deletion inhibited tumor angiogenesis and normalized tumor vessels. Thus, Sox17 inhibition has potential value as part of an antiangiogenic approach to combine vessel blocking and vessel normalization.
Methods
Mouse lines. Sox17 GFP/+ , Sox17 fl/+ (23), Cdh5(PAC)-CreER T2 (43) , and Tet-O-Sox17 (47) mice were housed in the Animal Facility at the Korea Advanced Insti-
